ZnO nanocrystal (NC) films, prepared by electrochemical etching with varying the technological routines, have been studied by means of photoluminescence (PL), scanning electronic microscopy (SEM), energy dispersion spectroscopy (EDS), Raman scattering, and X ray diffraction (XRD) techniques. Raman and XRD studies have confirmed that annealing stimulates the ZnO oxidation and crystallization with the formation of wurtzite ZnO NCs. The ZnO NC size decreases from 250-300 nm down to 40-60 nm with increasing the etching time. Two PL bands connected with the near-band edge (NBE) and defect-related emissions have been detected. Their intensity stimulation with NC size decreasing has been detected. The NBE emission enhancement is attributed to the week quantum confinement and exciton-light coupling with polariton formation in small ZnO NCs. The luminescence, morphology, and crystal structure of ZnO:Cu NCs versus Cu concentration have been investigated as well. The types of Cu-related complexes are discussed using the correlation between the PL spectrum transformations and XRD parameters. It is shown that the plasmon generation in Cu nanoparticles leads to the surface enhanced Raman scattering (SERS) effect and to PL intensity increasing the defect-related PL bands. The comparison of ZnO and ZnO:Cu NC emissions has been done and discussed.
Introduction
Porous semiconductor materials stimulate the scientific interest owing to the possibility for designing the properties not known in the bulk crystals [1] . The enormous attention in the last decades has been devoted to porous silicon (PSi) that was investigated for variety In addition, the ZnO NC structures are interesting for phosphor applications owing to the excellent emission in orange, yellow, green, and blue ranges of PL spectra. The high concentration of radiative defects obtained in ZnO NC films permits to expect a wide spectrum of luminescence bands that is important for "white" light emitting structures [11] [12] [13] [14] . However, the relations between the defects and structural properties of ZnO NCs (nanosheets, nanorods, etc.) are not clear yet.
For growing ZnO NCs, the following methods were used: thermal evaporation technique [15] , sol-gel deposition [16] , metal organic chemical vapor deposition (MOCVD) [17] , molecular beam epitaxy (MBE) [18] , pulse laser preparation (PLD) [19] , or spray pyrolysis [20] . All mentioned methods require very expensive equipment and do not produce ZnO NCs with bright PL bands that were demonstrated recently for the electrochemical technology [21, 22] . The anodization method permits to control the ZnO NC size by varying an electrolyte content, etching times, and voltages. Additionally, this method permits simple doping of ZnO NC films by different elements.
In this chapter, ZnO and ZnO:Cu NCs were created by the electrochemical method at varying etching times or etching voltages with film annealing at high temperature (400°C) in ambient air. Photoluminescence, scanning electronic microscopy (SEM), energy dispersion spectroscopy (EDS), Raman scattering, and X-ray diffraction (XRD) have been applied for the study of ZnO and ZnO:Cu NC films.
ZnO NC preparation and investigations
The electrochemical anodization of Zn foils was performed in an electrolyte using two Zn electrode systems with the distance between the electrodes being 10 mm. The electrolyte was a 1:10 volume mixture of HF acid (Aldrich) and deionized water. Ultrasonic cleaning of Zn foil pieces (Aldrich 99.99%) of 6 mm radius was performed in acetone and ethanol for 15 min before etching. To investigate the impact of etching times on ZnO NC parameters, the applied Thin Film Processes -Artifacts on Surface Phenomena and Technological Facetsvoltage was 5 V and the varied times were 1, 3, 6, and 10 min. Then ZnO films were cleaned in deionized water and annealed at 400°C for 2 h in ambient air.
To investigate the influence of voltage, the etching time was kept at 6 min and the applied voltages varied as 1, 5, 10, 15, and 20 V. Obtained ZnO films were washed in deionized water and annealed at 400°C for 2 h in ambient air.
To investigate the effect of Cu doping on the structure and optical properties of ZnO:Cu NCs, and to compare it with those in ZnO NCs, the electrochemical anodization was performed with: (i) two Zn electrodes at the creation of ZnO NCs or (ii) cathode Zn and anode Cu electrodes at the growth of ZnO:Cu NCs. Zn (Aldrich 99.99%) and Cu (Aldrich 99.99%) foils were used. At etching, the applied voltage was 5 V and the times used were 1, 3, or 6 min. Then the films were annealed at 400°C for 2 h in ambient air.
SEM and EDS studies were done in JSM7800F-JEOL with an additional detector Apollo X 10 mark EDAX. The XRD equipment XPERT MRD, with a pixel detector, three-axis goniometry, a parallel collimator, and a resolution of 0.0001°, was applied to the crystal structure investigation. The Cu source with K α1 line λ = 1.5406 Å was used. XRD was performed for the angle range 20°-80° with a 0.05° step and a step duration of 10 s. PL spectra, excited by a He-Cd laser with a wavelength of 325 nm and a beam power of 80 mW, were measured at 10-300 K using a PL setup based on a spectrometer SPEX500 described in references [23, 24] . Raman scattering spectra were studied in Jobin-Yvon LabRAM HR 800UV micro-Raman system using an excitation by a solid-state light-emitting diode with a light wavelength of 785 nm [25, 26] . XRD results are summarized in Figure 2 . As-grown ZnO films are characterized by the amorphous phase (Figure 2a ) and the Zn substrate XRD peaks at the 2θ angles of 38.993, 43.233, and 70.058° have been seen (Figure 2a) . These peaks owe to the diffraction from the (100), (101), and (103) crystal planes in the wurtzite Zn crystal lattice [27] .
The etching time impact on parameters of ZnO NC films

SEM and XRD studies
Thermal annealing at 400°C stimulates the ZnO oxidation and crystallization. A set of XRD peaks appears at the 2θ angles equaling to 31.770, 34.422, 36.253, 47.540, 56 .604, and 62.865° after ZnO film annealing (Figure 2b and c) . These XRD peaks correspond to the diffraction from the (100), (002), (101), (102), (110), and (103) crystal planes in the wurtzite ZnO crystal structure [27] . At first (1-6 min etching), the volume of crystalline ZnO phase enlarges that manifests itself in increasing the XRD peak intensities (Figure 2d ). Then at higher etching time (10 min), ZnO NC films are characterized by smaller XRD peak intensities (Figure 2d) owing to, apparently, the material dissolution at the high anodization duration and increasing the volume of pores in the films.
Raman scattering study
Raman scattering spectra of ZnO NC films are presented in Figure 3 . Raman spectra of asgrown ZnO films do not demonstrate any Raman peaks (Figure 3a) . The small Raman band min. Dependences (d) of (100) XRD peak intensity (1) and integrated PL intensity (2) for the PL band peaked at 3.1 eV in annealed films versus etching times [22] . is related to Raman scattering in the ZnO amorphous phase. The Raman study confirms that as-grown ZnO films are characterized by an amorphous phase mainly and it is consistent with the XRD data.
Annealing at 400°C stimulates the ZnO crystallization and four peaks at 327, 379, 434, and 549-556 cm −1 appear in Raman spectra ( Table 1) . The Raman peak intensity rises versus etching time owing to the volume enlargement of the crystalline ZnO phase (Figure 3b) .
The group theory predicts for the wurzite ZnO crystal structure the Raman active phonons in Brillouin zone center as: A 1 and E 1 symmetry polar phonons with two frequencies for the transverse (TO) and longitudinal (LO) optic phonons, and E 2 symmetry nonpolar phonon mode with two frequencies E 2 (low) and E 2 (high). E 2 (low) and E 2 (high) modes are attributed to oxygen and zinc sublattices, respectively, in ZnO [28, 29] .
Raman peaks at 327 and 437 cm −1 are attributed, as a rule, to second-order Raman peaks arising from the zone boundary phonons 3E 2H -E 2L and E 2H modes in ZnO NCs [30] . Raman peaks at 379 and 434 cm −1 can be attributed to the A 1 (TO) and E 2 (high) phonon modes in ZnO NCs ( Table 1 ). The nature of the Raman peak at 549-556 cm −1 is not clear. Its variable position in different samples (Figure 3 , curves 2 and 3) and the location between TO and LO optic phonons permit to assign this Raman peak to the surface phonon (SP). The SP frequency ( ω SP ) in ZnO NCs can be calculated using the formula [30, 31] :
where ω TO is a frequincy of TO phonon, ε 0 and ε ∞ are the static and high-frequency dielectric constants in a bulk ZnO crystal, ε M is a static dielectric constant of surrounding medium (air). Assuming ε M = 1 for air in pores of ZnO NCs and using ε 0 and ε ∞ equal to 8.36 [32] and 3.77 [32] , respectively, the SP frequency of 550 cm −1 for the lowest (l = 1) mode has been estimated that is in a good agreement with detected values of 549-556 cm −1 ( Table 1 ).
ZnO NC emission study
PL spectra of ZnO films obtained at different etching times in as-grown states are shown in Figure 4 . PL spectra are presented as the superposition of three PL bands centered at 1.90-2.03, 2.49-2.51, and 2.80-2.85 eV (Figure 4 , curves a, b, and c), which are attributed to the defect-related emission in an amorphous ZnO films. The PL intensity of the above-mentioned peaks increases with increasing anodization duration up to 6 min due to increasing the volume of ZnO amorphous phase. In samples prepared at 10 min (Figure 4 , curve 3), the PL Thin Film Processes -Artifacts on Surface Phenomena and Technological Facetsintensity of the mentioned PL peaks decreases owing to decreasing the ZnO NC volume that is consistent with the XRD data ( Figure 2 ).
Annealing at 400°C stimulates the ZnO crystallization, which is accompanied by the PL spectrum transformation ( Figure 5 ). PL spectra of ZnO NCs are complex as well ( The bulk ZnO crystals are characterized by the variety of luminescence bands in UV and visible spectral ranges [33, 34] . The origin of these emissions has not been conclusively established, and a number of hypotheses have been proposed for each emission band. NBE band at 3.1 eV is attributed to the optical transition between the shallow donor and valence band, to the phonon replicas of bound exciton, or free exciton (FE) emissions [34, 35] . The high intensity of NBE emission at 300 K and a small band half width in ZnO NCs permits to attribute the 3.1 eV PL band to a LO phonon replica of free exciton.
The blue PL band with the peak at 2.80 eV, which disappeared completely after the oxidation at annealing in ambient air, can be assigned to emission via the native defects in ZnO films [36, 37] . The defect-related green PL band in the range 2.40-2.50 eV is assigned to oxygen vacancies [36] , Cu impurities [38] , or surface defects [39] in ZnO. The PL intensity of 2.49-2.52 eV PL band does not change in the processes of oxidation and crystallization ( Figure 5 ) that permits to assign this PL to some surface defects.
The PL band centered at 2.00-2.10 eV was assigned earlier to interstitial oxygen atoms (2.02 eV) [40] or hydroxyl groups (2.10 eV) [41, 42] . The PL intensity of 2.06-2.10 eV PL band increases at ZnO oxidation ( Figure 5 ) and the assumption that corresponding defects are related to oxygen interstitials looks very reliable.
It is essential that ZnO NCs obtained by other methods, such as Zn powder thermal evaporation [43] , sol-gel ZnO films [44] , or MOCVD growth ZnO films [45] , do not permit to obtain great variety of PL bands that have been demonstrated in the studied ZnO NCs.
Anodization voltage impact on the structure and emission of ZnO NC films
XRD and SEM study
The XRD study has shown that as-grown ZnO films are characterized by Zn substrate-related XRD peaks with highest XRD peak intensities at the angles 2θ equal to 38.993, 43.233, and 70.058° (Figure 6a ). These peaks correspond to the diffraction from the (100), (101), and (103) crystal planes, respectively, in the hexagonal Zn crystal lattice with the lattice parameters of a = 2.6650 Å and c = 4.9470 Å [27] . Annealing at 400°C stimulates the crystallization of ZnO NCs and a set of XRD peaks appear at the angles 2θ equal to 31.770, 34.422, 36.253, 47.540, 56.604, and 62.865° (Figure 6b ). These XRD peaks correspond to the X-ray diffraction from the (100), (002), (101), (102), (110), and (103) crystal planes in the wurtzite ZnO crystal structure [27] .
The volume of crystalline ZnO phase enlarges versus anodization voltages up to 15 V that manifests itself by increasing the XRD peak intensities. However, ZnO NCs obtained at the voltage of 20 V are characterized by smaller intensity of XRD peaks that, apparently, connects with the ZnO dissolution in an electrolyte at higher anodization voltages and increases the volume of the pores. 
Emission study of ZnO NCs
PL spectra of ZnO NCs prep ared at different anodization voltages and annealed at 400°C are complex and can be presented as a set of PL bands. The deconvolution procedure permits to obtain the PL bands centered at: 3.18, 3.02, 2.94, 2.55, and 1.98 eV (Figure 8 ).
Elementary PL bands with the peaks at 2.55 and 1.98 eV were attributed earlier to the defect-related emissions in ZnO NCs [33] [34] [35] [36] . The intensity of defect-related PL bands enlarges with increase in the anodization voltages due to increase in the volume of ZnO NC layers. The high energy PL bands (3.18, 3.02, and 2.94 eV) were assigned to NBE emission in ZnO [31] .
PL spectra of ZnO NCs measured in the temperature range 10-300 K are presented in PL thermal decays in the range 10-150 K for all PL bands realize with the same activation energy (8.6-8.8 meV) due to the activation, apparently, of some nonradiative recombination centers. Thermal quenching of all PL bands starts at higher temperatures (150-300 K). The 2.94 and 3.06 eV PL bands, which demonstrate the PL thermal decay with the activation energy of 18meV, are related, apparently, to the LO phonon replicas of bond-exciton emission. The 3.18 eV PL band, with highest PL decay activation energy (50 meV), is connected, probably, with the LO phonon replicas of FE emission.
Size-dependent effects in emission of ZnO NC films
The impact of NC sizes on PL spectra has been studied using ZnO NCs prepared at a voltage of 5 V, times: 1 (1), 3 (2), 6 (3), and 10 (4) min and annealed at 400°C. These ZnO NCs have been discussed in Section 3 and their sizes are summarized in Table 2 . PL spectra of these ZnO NCs are a superposition of PL bands with the peaks at 2.05, 2.45, and 3.11 eV (Figure 12 , dashed lines). Figure 13 shows the variation of NBE emission in ZnO NCs of different sizes. The 3.10 eV PL band at 300 K belongs to the FE phonon-assisted replica in ZnO NCs [21, 22] . The deconvolution procedure has been applied to PL spectra and its result is presented by dashed curves in Figure 13 . PL bands centered at 3.010, 3.082, 3.154, and 3.226 eV were chosen for the deconvolution, which can be attributed to the LO phonon replicas (FE-5LO, −4LO, −3LO, and −2LO) of A exciton (3.373 eV). The energy difference between these PL transitions is close to some numbers of LO phonons (72 meV) in ZnO [46] .
Integrated PL intensities of 2.45, 3.010, 3.082, 3.154, and 3.226 eV PL bands increase significantly with diminishing the ZnO NC size and with enlarging the surface-to-volume ratio (Figure 14a and b) .
Additionally, the main PL peak of NBE emission shifts to higher energy owing to the PL intensity enlargement of 3LO and 2LO phonon replicas mainly ( Figure 13 ). Note that PL spectra of ZnO NCs, typically, do not reveal any FE peaks or phonon replicas owing to poor material quality and high concentrations of structural defects. Table 2 . The size of ZnO NCs from SEM images and hexagonal crystal lattice parameters estimated from XRD data.
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The defect-related green PL band, detected traditionally in the spectral range of 2.40-2.50 eV in ZnO, has been assigned to the oxygen vacancies [36] , Cu impurities [38] , or surface defects [22, 39] . In our experiments, the intensity of 2.45 eV PL band increases significantly (Figure 14a ) in PL spectra at decreasing the ZnO NC size and increasing the surface-to-volume ratio in NCs. Thus, it can be supposed that emission centers, responsible for the 2.45 eV PL band, relate to the surface defects and their concentration enlarges with increasing the surface-to-volume ration in ZnO NCs.
NBE intensity stimulation at ZnO NC size decreasing
The intensity of 3.082-3.226 eV PL bands, related to FE phonon-assisted replicas, increases significantly with decreasing the ZnO NC size (Figure 14b ). Since the process of reduction in size is accompanied by increasing the interplanar distances in ZnO NCs (Table 2) , the FE-related PL bands have to shift to lower energy in small NCs (4). But the main PL peak of NBE emission shifts to high energy ( Figure 13 ) from 3.08 eV (1) to 3.14 eV (4). It means that some other physical mechanism is responsible for the PL intensity enlargement and spectral transformation of NBE emission band.
The PL intensity W PL of ZnO NCs can be represented by the formula [47] :
where I 0 is the excitation light intensity, d is the ZnO NC layer thickness, R and α are the reflection and absorption coefficients, and η is the internal quantum emission efficiency that
, τ R and τ NR are radiative and nonradiative recombination times, respectively, and c 0 is the porosity of ZnO layers ( Table 2) . At high porosity, the ZnO volume, which absorbs the excitation light, decreases.
Let us consider the coefficients of relative varying the integrated PL intensities in the studied structures, in comparison with the structure 1, at permanent parameters of the excitation light intensity (I 0 ) and R coefficient. Actually, the excitation intensity I 0 was the same in our experiments and the reflection coefficient decreases a little versus NC sizes in the range 60-600 nm. The relation of PL intensities can be presented as: Figure 13 . NBE emission bands in annealed ZnO NCs obtained at the durations of 1 (1), 3 (2), 6 (3), and 10 min (4). Dashed curves present the deconvolution of PL spectra on LO phonon-assisted PL bands [26] .
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The values of K ex parameters are summarized in Table 3 . Some rising in exciton PL intensity in ZnO NCs at the NC size variation from 308 × 600 nm (1) down to 253 × 459 nm (2) can be explained by increasing the NC layer thickness and excitation light absorption. However, the PL intensities of all PL bands enlarge significantly (Figure 14, Table 3 ) when the size of ZnO NCs decreases down to 67 × 131 nm (4). To explain the reasons of such PL stimulation, the factors that influent on the internal quantum efficiency and radiative recombination rates have to be discussed.
The stimulation of internal quantum efficiency in small ZnO NCs (3, 4) can be attributed to exciton recombination rate increasing owing to the realization of the weak exciton confinement. The theoretical consideration of this effect was presented in references [48, 49] and two regimes of weak exciton confinement are discussed. The first regime deals with NCs of the size "bigger" than the Bohr exciton radius, but "smaller" than a wavelength of emitted light in ZnO. Oscillator strength increase in the first case is a result of oscillator strength enhancement for localized excitons in proportion to spreading their wave functions, predicted for the bound exciton early [50] . (3), and 3.010 (4) eV [26] . 
The second weak confinement regime is connected with exciton-light coupling with the formation of polaritons, which becomes strong if the size of NCs approaches to light wavelength in ZnO. The exciton recombination rate G , at the assumption of exiton-light coupling was considered as the product of photon and exciton eigenstates early in [48, 49] :
where k is the wave vector of light in a material with the high frequency dielectric constant, ε ∞ , that equals to ε ∞ = 3.77 [32] in ZnO, k 0 = 2π/λ 0 is the wave vector of light at an exciton resonance frequency and K is a characteristic of long-range exchange energy splitting for exciton in NCs [48] . The Ф(r) in Eq. (4) was taken as a Gaussian function to get an analytical formula and formulas for the exciton recombination rate G and exciton recombination time τ R were obtained as [48, 49] :
The radiative recombination rates ( Figure 15 ) and corresponding radiative lifetimes (Figure 16 ) have been numerically estimated using Eqs. (5) and (6) for the quant energy of FE phonon-assisted replicas (3.226, 3.154, 3.082, and 3.010 eV) in ZnO NCs of different sizes.
The recombination rates approach to maximum in ZnO NCs with diameters of 59-64 nm for the exciton-light coupling model ( Figure 15 ) and starting from 59 to 64 nm the radiative recombination rate decreases (radiative lifetime increases) versus NC sizes (Figures 15 and 16 ).
The estimation of exciton recombination rates (Figure 15 ) has been done for the spherical shape of NCs. In the studied films, the ZnO NCs have a rhomb shape (Figure 1) . The exciton Figure 15 . Numerically simulated exciton recombination rates for LO phonon-assisted PL bands in ZnO NCs of different sizes [26] .
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recombination rate decreases fast versus sizes ( Figure 15 ) and due to this is reasonable to consider only the smallest NC parameter (width), because the recombination rate along the largest NC sizes (length) will be some orders smaller. Thus, the variation of PL intensity in ZnO NCs is reasonable to present versus NC widths, as shown in Figure 14 .
The exciton-light coupling model predicts well the ZnO NC size (59-64 nm), where the maximum of PL intensity can be expected. This size correlates with the NC width (67 nm) in the structure 4 with highest detected PL intensity. However, the PL intensities of FE phononassisted PL bands enlarge 15-or 10-fold with decreasing NC widths from 250 down to 67 nm (Table 3) . At the same time, the estimated recombination rate has to increase 90-fold or even more in the proposed model (Figure 15) . This difference can be attributed to the following reasons: (i) the enlargement of nonradiative recombination rate in smallest ZnO NCs due to increasing significantly the concentration of surface defects and (ii) the exciton-light coupling and polariton orientation partially along the length of ZnO NCs, where the exciton recombination rate is smaller. Thus, the stimulation of both recombination parameters τ R −1
and τ NR −1
with decreasing ZnO NC sizes and random polariton orientation in ZnO NCs lead to smaller internal quantum efficiency, η, and integrated PL intensity, W PL , than it is predicted by the exciton-light coupling model.
We need to discuss as well increasing the integrated PL intensity of FE-2LO and FE-3LO replicas in comparison with the intensity of FE-4LO and FE-5LO bands ( Figure 13 , Table 3 ) in small ZnO NCs. This effect, probably, deals with decreasing the exciton-phonon coupling strength in the smallest ZnO NCs that were predicted early for ZnO QDs [51] . The effect was attributed to diminishing exciton polarity in small NCs and to decreasing Frohlich polar intraband scattering that induces phonon-assisted emission bands [52] [53] [54] . 
Impact of Cu-doping on the structure and emission properties of ZnO NC films
To the adjustment of ZnO NC characteristics the doping by different metals Al [55] , Co [56] , Ni [57] , Cu [58, 59] , or Ag [60] can be used. Cu atoms are most impotent impurities due to the low toxicity and large source content. ZnO:Cu NCs have demonstrated excellent electrical, magnetic, and photoelectrical characteristics and gas sensing [58, 59] . The Cu atoms are well known as emission activators for semiconductors that can change essentially the emission intensity in ZnO NCs [58, 59] .
A lot of papers related to doping ZnO films by Cu in different concentrations were published recently [61] [62] [63] [64] . A systematic change of XRD parameters with Cu content increasing in the ZnO crystal lattice was observed in Ref. [63] , together with decreasing the ZnO energy band gap versus Cu contents [63] . NBE intensity enhancement in ZnO films with Cu doping at 2.0 at% and emission quenching at Cu doping 4.4 at% was reported in Ref. [56] .
A set of published papers are devoted to the defect study if the ZnO:Cu crystals [64, 65] . The green PL band at 2.45 eV with the LO phonon-related structure and zero-phonon line was assigned to the optical transition via Cu Zn acceptors [64, 65] . The structure-less green emission was assigned to the recombination of electron from a shallow donor with hole bounds to Cu+ ions [65] .
The assumptions concerning the Cu defect structure have been presented, but only some of them look as reliable. The purpose of our work is connected with the investigation of correlated varying the XRD parameters and PL spectra of ZnO Cu NCs versus Cu contents with the aim to analyze the Cu-related defects. The parameters of the studied ZnO and ZnO Cu NCs are summarized in Table 4 . Table 4 . The average NC sizes obtained from SEM images.
SEM and XRD studies
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shape and we used width and length for the size characterization ( Table 4 ). The size of ZnO NCs decreases versus etching times from 308 × 548 nm to 170 × 316 nm ( Table 4) .
At first, the XRD investigation of ZnO and ZnO Cu NCs has been done with the aim to confirm that Cu atoms are incorporated in ZnO NCs. The five XRD peaks have been detected in both types of NCs (Figures 18 and 19) , related to the diffraction from the (100), (002), (101), (110), and (103) crystal planes in the wurtzite ZnO crystal lattice [27] . The decreasing ZnO NC size stimulates the shift of XRD peaks to lower angles ( Table 5 ) that testify on larger interplane distances in small ZnO NCs. It was supposed early that this effect is related to compressive strain decreasing in small ZnO NCs [26] .
At the XRD study of ZnO:Cu NCs with small Cu concentration of ≤2.28 at% [67] (samples N4 and N5), the XRD peaks shift to bigger diffraction angles (2 theta) in comparison with ZnO NCs (samples N1, N2), together with decreasing the NC sizes ( Table 5 ). This effect testifies on smaller interplanar distances in ZnO:Cu NCs. At the Cu concentration higher than 2.28 at% (sample N6), XRD peaks shift to smaller 2 theta values even more essential than those are detected in ZnO NCs (sample N3). The last effect corresponds to increasing the interplanar space in ZnO Cu NCs of N6. Table 5 . XRD peaks for studied ZnO NCs and ZnO Cu NCs [66] .
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The valence of Cu could be +1 or +2 and the radius of Cu ion or the formation of Cu-related complexes.
In ZnO:Cu NCs the XRD peak intensity increases versus etching durations (Figure 19 ) due to thickness increasing of the ZnO Cu NC layers. Simultaneously, the new XRD peak (2θ = 43.2963°) related to the diffraction from (111) crystal planes in metallic Cu nanoparticles with a cubic crystal lattice [73] has been revealed ( Table 5 , Figure 19 ).
Comparative PL study of ZnO and ZnO Cu NCs
PL spectra of ZnO and ZnO Cu NCs obtained at different etching times (3 and 6 min) and measured at 10 K are presented in Figure 20(a) and (b) . PL spectra are complex and include two wide PL bands well known in ZnO:NBE emission in the spectral range 2.80-3.37 eV [34] and defectrelated emission in the range 1.70-2.80 eV [37] [38] [39] . The intensity of NBE luminescence rises versus anodization time owing to enlarging the thickness of ZnO NC layers (Figure 20a and b) .
Simultaneously, the NBE band shifts to lower energy in PL spectra (Figure 20a and b) that is caused by decreasing the NC sizes, compressive strains, and the energy band gap of ZnO NCs [26] .
The variation of Cu concentrations in ZnO:Cu NCs influent mainly on the intensity and shape of defect-related PL bands in the range 1.7-2.8 eV. PL band intensity increases when the Cu concentration approaches to 2.28 at% and then decreases at higher Cu contents (Figure 20a  and b) . At high Cu concentration, the new PL band centered at 2.61-2.70 eV at 10 K has been detected in PL spectra of ZnO Cu NCs (Figure 20b, curve 2) .
To make the conclusion concerning the light-emitting mechanisms of visible PL bands in ZnO:Cu NCs, PL spectra have been studied in the range of 10-300 K (Figure 21 ).
Normalized PL spectra of ZnO and ZnO:Cu NCs for the visible spectral range measured at different temperatures are presented in Figure 22(a) and (b) . It is clear that four PL bands (A, B, C, D) have composed PL spectra in the orange-yellow-green-blue ranges of ZnO Cu NCs, which are characterized by different kinetics of PL intensity thermal decays.
The deconvolution procedure was applied to PL spectra of Figure 22 To estimate the activation energies of PL thermal decay in different temperature ranges, the Arrhenius plots have been designed (Figure 24) . At low temperatures, the activation energies of PL intensity decays are estimated as: 9 meV in ZnO or 16 meV in ZnO Cu NCs. These small activation energies of PL decay are related to the thermal activation of some nonradiative recombination centers (NRC). At higher temperatures PL intensities of A, B, and C bands decay with activation energies: 44meV (A) and 35 meV (B and C) in ZnO NCs (Figure 24a) as well as 37 meV (A) and 27 meV (B and C) in ZnO Cu NCs (Figure 24b) . The PL band D intensity decreases with the activation energy of 20 meV (Figure 24b, curve 4) . 
Orange-yellow-green PL bands
The orange PL band (1.95-2.05 eV) in ZnO was assigned to oxygen interstitials, O i (2.02 eV) [40] , to shallow donor-deep acceptor pairs [11] , or to hydroxyl groups (2.10 eV) [41] . The yellow band (2.15-2.23 eV) in undoped and doped (with N or Ga) ZnO layers [11, 74] was [67] .
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attributed to the electron transitions from shallow donors to deep acceptors with an energy level of 0.7 eV above the valence band, connected with the zinc vacancy, V Zn , or V Zn -shallow donor complex [11] . The green PL band (2.43-2.50 eV) is complex and includes five PL bands connected with different defects in undoped ZnO NCs [75] [76] [77] [78] . The types of corresponding defects and optical transitions are not clear yet.
The ZnO and ZnO:Cu NC layers were annealed at 400°C in air that is the O-and N-rich condition. The defects favored for this condition are V Zn , O i , and O Zn [79] that act as deep acceptors in ZnO [79] . However, the probability of forming O Zn defects is low due to the high value of its formation energy in ZnO. The PL intensity of 2.40-2.50 eV band increases with NC size decreasing and surface-to-volume ratio rising [26] , which permits to attribute the green radiative centers to native defects (zinc vacancy or surface defects) in ZnO NCs (Figure 20a ).
Cu doping with the concentration ≤2.28 at% stimulates significantly the intensity of orangeyellow-green PL bands in ZnO:Cu NCs (Figure 20b and Table 4 ). Simultaneously, the XRD study has detected a high angle shift of all XRD peaks in ZnO Cu NCs owing to, apparently, the substitution of Zn +2 ions by Cu +2 ions in ZnO. Thus, the radiative centers connected with structureless green PL band (2.43-2.50 eV) in ZnO:Cu NCs can be attributed to Cu Zn +2 defects [64, 65] .
The high PL intensity of green band is detected together with the high intensities of orange and yellow PL bands in the ZnO Cu NCs (Figure 20b) . It can be supposed that the process of Zn [79] . Cu atoms act as deep acceptors in ZnO as well [80] . Thus, all these deep acceptors can be responsible for the stimulation of orange-yellow-green PL bands in ZnO:Cu NCs.
Small activation energies of emission thermal decays (Figure 24) for bands (A, B, C) permit to attribute the corresponding centers to the shallow donor-deep acceptor pars (DAPs). Note that PL thermal decays of B and C bands are characterized by the same activation energies owing to, apparently, the formation of corresponding DAPs from the same shallow donors, for example, Zn i , and different deep acceptors.
Note that the defect concentration in ZnO:Cu NCs is higher than its value in ZnO NCs. Defect concentration increasing leads to the stimulation of the PL intensities of A, B, and C bands. Simultaneously, the activation energies of PL decays decrease in ZnO Cu NCs that is a result of distance decreasing between donors and acceptors in DAPs. The last effect provokes attractive interaction increasing in DAPs and, as a result, the shift of donor and acceptor energy levels closer to the conduction (valence) bands. In this case, the PL thermal decays in ZnO:Cu NCs are characterized by smaller activation energies that actually has been revealed: 37 meV (A) and 27 meV (B and C) (Figure 24 ).
The energy position of Zn i +1/0 donor levels was estimated early as 50 meV [81] . A shallow donor with ionization energy of 30 meV was detected at high-energy electron irradiation experiments [82] . The authors suggested that these shallow donors owe to Zn-sublattice defects: Zn interstitialses or Zn-interstitial-related complex [83] . In addition, under the N-rich ambient condition the shallow donors, Zn i -N O , can be obtained as it was supposed in [84] . Thus, it can be assumed that in ZnO NCs the orange (A), yellow (B), and green (C) emissions are related to DAPs, which include the deep acceptors, such as oxygen interstitials and zinc vacancies, and shallow donors, like zinc interstitials or their complexes. In ZnO Cu NCs the substitutional Cu Zn atoms form the DAPs with shallow donors that are responsible on the structureless green PL band.
Blue PL band
The blue PL band D (2.61-2.70 eV) appears in PL spectra of ZnO:Cu NCs (sample N6, Figure 20b ) at higher Cu contents (≥2.28 at%). Simultaneously, the intensities of other PL bands decrease (Table 4 ) and the band D dominates in the PL spectrum (Figure 20b, curve 2) . At higher Cu concentrations in ZnO:Cu NCs, the nonradiative recombination centers (NRC), probably, appear that provokes decreasing the PL intensity of the bands (A, B, C). At the same time, the D band intensity decreases slowly that testifies on concentration increasing of D band emitting defects. In this case, a low angle shift of XRD peaks has been revealed at XRD study. This fact testifies on increasing the lattice parameters and interplanar distances owing to the formation of some Cu-related complexes in the ZnO matrix. Cu-complex defects can be attributed to [Cu Zn Zn i ] x complexes proposed in [65] .
Plasmon-related effects in ZnO Cu NC films with metallic Cu nanoparticles
The purpose of this part deals with the study of another effect related to Cu doping of the ZnO NCs. In the earlier mentioned papers [11, [58] [59] [60] [61] [62] [63] , the ZnO NCs were doped by Cu in low concentrations, when Cu atoms substituted Zn atoms in the ZnO crystal lattice. However, the method of Zn etching technology with thermal treatment permits to prepare ZnO:Cu NCs with metallic Cu nanoparticles located at the ZnO NC surface (Figure 19 , Table 5 ). In this ZnO:Cu films, as expected, it is possible to generate plasmon by light in Cu nanoparticles that permit to study its impact on optical properties [80] .
At first, the XRD (Figure 19 ) and EDS (Figure 25 ) methods have been used for the confirmation that Cu atoms and Cu nanoparticles exist in ZnO Cu NC films ( Table 6 ). Table 6 . Figures 18 and 19 and analyzed in Section 6. In addition to the above discussed Cu peak at 2 theta equal to 43.2963° (Figure 19) , which corresponds to the diffraction from the (111) crystal planes in the cubic crystal lattice of metallic Cu nanoparticles [73] , the second Cu (200) peak at the 2 theta equaling to 50.4308° has been revealed in ZnO Cu NCs as well (Figure 26a and b) [85] .
XRD comparative investigations of ZnO and ZnO Cu NCs have been presented early in
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In ZnO:Cu NCs obtained with the etching time of 6 min, the concentration of Cu NCs enlarges, which manifests itself by increasing the intensity of the Cu (111) and Cu (200) XRD peaks (Figures 19b and 26b) . The oxidation of Cu nanoparticles can be realized, partially as well, at annealing in ambient air. The small peculiarities in XRD diagrams (Figure 19) for the sample M6 in the range 38-40° can be related to the CuO or Cu 2 O phases.
Raman scattering study
Raman peaks at 331, 379, 437, and 572-575 cm −1 have been detected in Raman scattering spectra measured in the 100-650 cm −1 range in ZnO and ZnO:Cu NCs (Figure 27 ). The nature of these Raman peaks has been discussed in Section 3.2. The increase in etching time leads to the enlargement of Raman peak intensities owing to the growth of ZnO NC volume and varying the geometry of Raman scattering measurement in small ZnO NC films (Figure 27) . The intensity of all Raman peaks in ZnO Cu NCs is threefold higher than its value in ZnO NCs (Figure 27a and b) . The studied NCs are characterized by the identical crystal structure and NC sizes ( Table 4) . The difference in the Raman scattering intensity can be attributed to the surface-enhanced Raman scattering (SERS) effect in ZnO Cu NCs [72] . Figure 25 . EDS spectra of N3-ZnO (a) and N6-ZnO Cu (b) NC samples obtained at an anodization time 6 min after thermal annealing [85] . The insertions present the high resolution EDS spectra in the range 7.8-8.3 keV for ZnO (a) and ZnO:Cu (b) NCs. The light-enhanced electric field and the SERS effect are attributed to the plasmon resonance at the material interface with metallic nanoparticles. In the studied case, apparently, the excitation light used at Raman scattering study stimulates the plasmon generation in metallic Cu nanoparticles at the surface of ZnO:Cu NCs with corresponding wavelength for plasmonpolariton resonance that is needed for SERS effect.
Element
ZnO emission study
PL spectra of ZnO and ZnO Cu NCs are presented in Figure 28 for the comparison. The PL intensity of defect-related PL bands (2.08 and 2.50 eV) increases, in comparison with the NBE emission intensity, when the NC size falls down in ZnO and ZnO Cu NCs together with the surface-to-volume ratio rising (Figure 28 , Table 4 ). It is known that 2.02-2.08 eV PL band Thin Film Processes -Artifacts on Surface Phenomena and Technological Facetsincreased significantly its intensity after oxidation at annealing in ambient air [21, 22] that is accompanied by the oxygen interstitial content enlargement in ZnO. The detection of identical orange emission peaks in ZnO and ZnO Cu NCs permits to attribute the PL band (2.08 eV) to radiative defects included the oxygen interstitials.
The influence of metallic Cu nanoparticles on the PL band intensities in PL spectra of ZnO:Cu NCs is different significantly.
The influence of Cu nanoparticles on the intensities of PL bands in ZnO NCs is different. Figure 28 shows that the PL intensity of defect-related PL bands is higher by twofold in ZnO Cu NCs than it value in ZnO NCs. This fact can be assigned to the plasmon-enhancing recombination via these defects [1] . However, NBE emission in ZnO Cu NCs is less effective in comparison with ZnO NCs (Figure 28) . The last effect can be explained by the destruction of excitons by locally enhanced electric field in Cu nanoparticles at the ZnO Cu NC surface and due to this diminish the exciton-related emission.
Conclusion
The morphology, crystal structure, Raman scattering, and multicolor emission have been comparatively studied in ZnO and ZnO:Cu NCs. XRD study confirms the wurtzite structure of ZnO NCs obtained by electrochemical method. The PL intensity enhancement of exciton emission is detected in NCs with the size of 67-170 nm and attributed to the week quantum confinement and exciton light coupling with the formation of polaritons. It is shown that metallic Cu nanoparticles on the surface of ZnO:Cu NCs stimulate the SERS effect and PL intensity rising the visible PL bands owing to, apparently, the plasmon generation in Cu NCs. Simultaneously, NBE emission decreases in ZnO:Cu NCs due to the exciton destruction by plasmon-enhanced electric field. Emission, Defects, and Structure of ZnO Nanocrystal Films Obtained by Electrochemical Method http://dx.doi.org/10.5772/66335 83
